In mammals, mature oocytes and early preimplantation embryos contain transcriptionally inactive structures termed nucleolus precursor bodies instead of the typical fibrillogranular nucleoli. These nuclear organelles are essential and strictly of maternal origin. If they are removed from oocytes, the resulting embryos are unable to replace them and consequently fail to develop. Historically, nucleolus precursor bodies have been perceived as a passive repository site of nucleolar proteins that are required for embryos to form fully functional nucleoli. Recent results, however, contradict this long-standing dogma and show that these organelles are dispensable for nucleologenesis and ribosome biogenesis. In this article, we discuss the possible roles of nucleolus precursor bodies and propose how they might be involved in embryogenesis. Furthermore, we argue that these organelles are essential only shortly after fertilization and suggest that they might actively participate in centromeric chromatin establishment.
INTRODUCTION
In contrast to somatic cells, full-grown mammalian oocytes and early embryos contain atypical nucleoli termed the nucleolus precursor bodies (NPBs, or historically nucleoluslike bodies in oocytes). Unlike active fibrillo-granular nucleoli of somatic cells, NPBs consist of compact homogenous fibrillar material of unknown composition [1] [2] [3] [4] . Studies over the last two decades or so have documented the transformation of active nucleoli in growing oocytes into the NPBs of full-grown ones and then into fully mature nucleoli in embryos of many different species [3, [5] [6] [7] [8] . Nucleoli in very small (growing) oocytes do not differ morphologically from active somatic cell nucleoli that, at the ultrastructural level, have three recognizable compartments: fibrillar centers and both dense fibrillar and granular components [9, 10] . As oocytes grow, there is a gradual shutdown in ribosomal RNA (rRNA) synthesis, such that most maturation-competent oocytes contain only a compact fibrillar nucleolus without any distinguishable subcompartments, that is, NPBs (Fig. 1) . The last sites of active rRNA production in full-grown germinal vesicle-stage oocytes are found at the NPB surface [3, 11] . After meiotic division and fertilization, NPBs appear again in zygotes (1-cell stage embryos). Next, as the embryo develops, NPBs gradually change their morphology once more, and embryos at the more advanced stages of development again contain typical differentiated nucleoli (Fig. 1) . The sites at which rRNA production is initiated are then also found spatially associated with NPBs, either on their surface or inside, depending on the species [3, 12] . Because of this conversion from nucleoli to NPBs and again back to nucleoli, and because several typical nucleolar proteins have been localized to NPBs, functional links between NPBs and active nucleoli have always been assumed (Table 1 ). In particular, NPBs have long been regarded as a repository for nucleolar proteins, which are gradually utilized by the developing embryo for assembly of fully functional nucleoli [13, 14] . This is possible given the conversion from NPBs to nucleoli beginning at the late 2-cell stage when rRNA production is re-initiated [15] [16] [17] . Moreover, considerable degradation of RNA, including mRNA, takes place after fertilization [15] . Thus, one might assume that, because of these special requirements for a rapid onset of rDNA (ribosomal DNA) transcription and processing of prerRNAs into mature rRNAs, oocytes might indeed stockpile nucleolar proteins for later use in these processes in the form of NPBs. But is this assumption correct?
In this review, we consider the possible role of NPBs in early development. Based on very recent results in mouse, we argue that NPBs have an indispensable function but that this function is unrelated to ribosome biogenesis. To that end, we first describe the problems encountered when working with NPBs and address the experiments that lead us to the above conclusion. Next, we discuss the possible ribosome biogenesisindependent functions of NPBs. Finally, based on the available data, we put forward the idea that the main function of NPBs and their components might be to establish specialized chromatin domains.
LIMITATIONS OF WORKING WITH NPBS AND ENU-CLEOLATION
In contrast to somatic cell nucleoli, the function of NPBs is much less well explored. Large amounts of somatic nucleolar material can quite easily be obtained and, therefore, many different analyses can readily be performed, including those that require a large input of material, for example, mass spectrometry. Furthermore, localization of proteins within somatic nucleoli can be determined by relatively simple means (cell transfection, immunofluorescence, etc.). Consequently, large proteomic studies of somatic nucleoli have been performed, resulting in the availability of nucleolar protein
The transformation of functional nucleoli and NPBs during oogenesis and early embryogenesis. A) Schematic illustration of oogenesis, fertilization, and early embryonic development. Initially, growing oocytes have fully functional fibrillo-granular nucleoli. However, as these oocytes reach their full size, RNA polymerase I transcription is abrogated and nucleoli are transformed into NPBs. With the onset of meiotic maturation, NPBs are dispersed into the cytoplasm but reform again after fertilization. At the late 2-cell stage, RNA polymerase I activity is re-initiated and NPBs gradually transform back to fully functional nucleoli. Adapted from Fléchon and Kopecný [3] . B) The outlined changes can be followed by labeling of NPBs with a modified immunofluorescence protocol [23] . Concomitant with the absence of RNA polymerase I transcription, UBTF (upstream binding factor) cannot be detected in fully grown oocytes. However, several nucleolar proteins (including nucleoplasmin 1, NPM1) were found to make up the dense fibrillar NPB mass. During activation of ribosome synthesis, certain proteins (in this case nucleoplasmin 1) form caps around the NPB core (arrow, top), whereas some of the newly synthesized UBTF is stored in the NPB core and some accumulates at sites of active rRNA production (arrow, bottom). The core usually disappears around the morula stage (16-cell embryo). FULKA AND AOKI databases in which many of the proteins have been validated [18, 19] . However, the limitations associated with preparation of oocyte and embryo samples have hampered similar molecular biological analyses of NPBs. Another reason for the considerable lack of information about NPBs is their unusually compact structure-a consequence of their being transcriptionally inactive-that leaves them inert to classical immunofluorescence protocols and nucleolar labeling dyes, such as Pyronin Y, that bind primarily to RNA. Thus, verifying protein localization to NPBs is very difficult. One possibility for overcoming this is the generation of a fusion mRNA that encodes a candidate protein tagged with a fluorescent probe and its injection into oocytes or embryos. However, even if localization of the candidate protein to NPBs is determined by this means, direct information regarding the endogenous protein cannot be inferred. Because of all these obstacles, the composition of NPBs largely remains a mystery. Apart from potentially laborious transgenic approaches, one method that has permitted researchers to functionally assess NPBs is the microsurgical removal of this organelle from oocytes and zygotes. This procedure, termed enucleolation, was first introduced in the pig [20] . Originally, its potential was slightly limited because of the various problems of in vitro culture of porcine oocytes and embryos. However, when the procedure was extended to mouse, some very interesting results were obtained. Moreover, the mouse model also allowed a more thorough testing of possible pitfalls, including the impact of physical removal of NPBs upon chromatin. Next, we describe the method in more detail.
During enucleolation, the NPB is aspirated through a small opening in the nuclear membrane with a fine glass pipette while the oolemma stays intact. Thus, the NPB is gradually translocated from the nucleus into the cytoplasm from which it is removed in the form of a so-called nucleoloplast [20, 21] . Although it is currently mechanistically not clear how exactly the NPB is removed from the nucleus, we may expect that the nuclear integrity becomes compromised during this procedure. Interestingly, enucleolated oocytes are able to mature to the metaphase II stage without any obvious defects and at rates comparable to nonmanipulated controls [22, 23] . Therefore, if any leakage of factors between the nucleus and cytoplasm occurs (which is likely), this obviously does not affect the oocyte maturation rate. The possible introduction of DNA lesions appears to be a more serious problem, and NPB-associated DNA sequences are at the highest risk. The main category of such sequences is rDNA and centromeres (Table 1) . However, rDNA is expelled from the NPB mass upon termination of transcription by RNA polymerase I [11, 24] and should therefore suffer only very limited damage in the transcriptionally silent oocytes. When analyzed, metaphase II oocytes that had been previously enucleated show morphologically intact and lesion-free chromosomes with well-defined pericentric chromatin, centromeres, and telomeres, suggesting that chromosomes remain intact after enucleolation [23] . Finally, two studies that will be discussed later in more detail described obtaining live mouse pups after enucleolation [22, 25] . From these results, we conclude that enucleolation either does not lead to DNA damage, or embryos and oocytes possess a very efficient DNA repair machinery to overcome any lesions associated with the protocol. However, in the light of recent results, the possibility of an efficient repair mechanism operating in oocytes is unlikely [26, 27] .
NPBS: MYSTERIOUS BUT ESSENTIAL ORGANELLES
Using enucleolation, it was shown that NPBs are exclusively of maternal origin and are absolutely essential for embryonic development [22] . Embryos originating from enucleolated oocytes fail to replace NPBs; they thus form nuclei that lack these organelles and arrest in development at the 2-cell stage ( Fig. 2A) [22] . A simple explanation for the above results is that embryos developing from enucleolated oocytes fail to activate transcription by RNA polymerase I and hence are unable to initiate ribosome biogenesis, which in turn leads to the developmental arrest observed. This assumption is in line with the proposed function of NPBs as a depot of nucleolar material and also fits well with the anucleolate Xenopus mutant model, which fails to produce ribosomes during embryogenesis [28] . However, a number of recent studies challenge this hypothesis.
In 2010, Ogushi and Saitou attempted to narrow down the developmental window during which NPBs are needed. In their experimental setup, mouse oocytes were first enucleolated and then NPBs were introduced back at different time points. The most interesting finding was that when embryos initiated development in the absence of NPBs, the resulting developmental arrest could not be reversed by a subsequent introduction of NPBs (either at 8 or 15 h postfertilization, corresponding to the S or G2 phase, respectively). In contrast, when NPBs were transplanted into previously enucleolated oocytes, which were then fertilized, embryonic development commenced and proceeded normally (Fig. 2B) . Based on these observations, the authors concluded that NPBs are essential during the first few hours after fertilization. Because it is thought that there is no RNA polymerase I activity at this time [29] [30] [31] and because it was shown that embryos originating from enucleolated oocytes are able to synthesize proteins at levels comparable to controls [22] , these results indicated that NPBs have a function unrelated to ribosome biogenesis. However, this possibility could not be confirmed because NPBs had been introduced back into the embryos in these experiments.
Evidence that NPBs are dispensable for ribosome biogenesis and nucleologenesis in embryos came from recent experiments in which NPBs were removed from late mouse zygotes (10 h after intracytoplasmic sperm injection) [25] . Interestingly, in these embryos, functional nucleoli formed and embryos developed to term (Fig. 2C) . This raises the question of the origin of the nucleolar proteins in the newly formed nucleoli in these embryos. A potential explanation might be that, although NPBs contain the majority of the proteins necessary for ribosome biogenesis, these are also present in the nucleoplasm in low concentrations and are sufficient to initiate ribosome production in NPB-depleted embryos. Alternatively, early embryos may synthesize such nucleolar proteins de novo. By focusing on several typical nucleolar components, it was shown that these proteins are degraded prior to fertilization (i.e., in oocytes) but, with some exceptions, become newly synthesized at the zygotic stage [23, 32] . This initial protein production is based exclusively on maternal mRNAs [23] . Next, new transcripts are produced commencing with the genome activation [23] . This explains why embryos from enucleolated zygotes can form new nucleoli and develop successfully once they pass the critical stage when the NPB material is needed.
Taken together, early mouse embryos not only synthesize nucleolar proteins prior to re-initiation of rRNA transcription but also are capable of assembling fully functional nucleoli in the absence of NPBs or the material they contain [23, 25] . In the next sections, we discuss the processes unrelated to ribosome biogenesis in which NPBs and their components might participate.
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FIRST PROPOSED RIBOSOME BIOGENESIS-INDEPEN-DENT FUNCTIONS OF NPBS: FACT OR ARTIFACT?
The hypothesis that NPBs are involved in processes other than ribosome biogenesis appeared around the year 2000. At that time, the original idea that NPBs were indispensable for ribosome production had not yet been challenged, but certain results indicate that NPBs might also be essential to re-establish cell plasticity after fertilization and to maintain the developmental potential of embryos [33, 34] .
In 2003, Parfenov and colleagues described that POU5F1 (also known as Oct4) is localized to NPBs [35] . Pou5f1 is a key pluripotency factor that is expressed in stem cells and germ cells [36, 37] . Accumulation of POU5F1 in NPBs has been proposed essential for the oocyte to acquire developmental competence [33, 34] without which embryos originating from such oocytes arrest at the 2-cell stage [38] . Foygel and colleagues further highlighted the role for the maternal POU5F1 in regulating the maternal-to-embryonic transition [39] , which is the phase during which embryos cease to rely on transcripts that are provided by the oocyte and their further development shifts to being strictly controlled by the embryonic genome [40, 41] . Thus, based on the above mentioned studies, it seemed that NPBs might play a critical developmental role by providing the pool of key pluripotency factor(s). However, although it is tempting to speculate that this factor might be the maternal POU5F1, results from conditional Pou5f1 knockouts do not support this because females harboring POU5F1-depleted oocytes are fully fertile (for a review, see [42] ). Nevertheless, it was still possible that NPBs (or rather some of the proteins they contain) are involved in establishing cell plasticity because POU5F1 might not be the only pluripotency-associated factor confined to this compartment.
To rule out this possibility, somatic cell nuclear transfer (SCNT) experiments were conducted to ascertain whether nucleoli of a pluripotent somatic cell can substitute for NPBs [22] . The typical SCNT protocol utilizes metaphase II oocytes, from which chromosomes have been removed, as recipient cytoplasts [43] . In such metaphase II cytoplasts, the material from NPBs is dispersed into the cytoplasm. In their study, Ogushi and colleagues, however, included an enucleolation step prior to oocyte maturation (Fig. 3) . Therefore, these SCNT embryos relied on the nucleolar material from the donor cell. The embryos proceeded to the 2-cell stage but never developed into blastocysts [22] . Thus, nucleoli cannot replace NPBs. It should be noted that embryonic stem cells (ESCs) were used as nuclear donors in this study. It is well documented that, apart from being pluripotent, ESCs are extremely efficient as SCNT donor cells [44, 45] . Still, the ESC-reconstructed embryos were unable to develop without the NPB material [22] .
Taken together, the above experiments show that either NPBs contain a special factor(s) that is not present in somatic   FIG. 2 . NPB transplantation schemes. A) When NPBs are removed from oocytes, the embryos that subsequently develop following fertilization fail to replace NPBs and form pronuclei lacking these organelles. These embryos do not develop beyond the 2-cell stage [22] . B) When embryos initiate their development in the absence of NPBs, their developmental potential cannot be restored even by a subsequent NPB transplantation [57] . However, when NPBs are removed but are then transplanted back into oocytes prior to fertilization, full development can be achieved [22, 57] . C) When embryos initiate development in the presence of NPBs and these are removed later on from pronuclei, these embryos form fully functional nucleoli and full-term development can be obtained [25] .
FULKA AND AOKI nucleoli but is essential for development or that NPBs are involved in some embryo-specific processes that do not take place in somatic cells but do occur after fertilization or during reprograming after SCNT. In the section below, we argue that both of these assumptions might be true.
NPBS AND HETEROCHROMATIN-A NEWLY EMERG-ING LINK
At the same time as POU5F1 was identified in NPBs, nucleoplasmin 2 (NPM2) was implicated in heterochromatin formation [46] . No structure equivalent to NPBs was detected in Npm2-knockout oocytes, with nucleolar material dispersed in the nucleoplasm [46] . More importantly, embryos from these oocytes showed defects in heterochromatin formation and mostly arrested at the zygote stage. Compared to somatic cells, early mouse germ cells and embryos possess very little heterochromatin [47] [48] [49] [50] , with centric and pericentric satellites accounting for the majority of it [51] . Although the topological association of centromeres with NPBs has been described [46, [52] [53] [54] , a role for NPBs and its components in establishing heterochromatin in zygotes was unexpected. Interestingly, although NPM2 was originally found exclusively in the nucleoplasm [46] , later on it was demonstrated that NPM2 is actually localized predominantly to NPBs [55] . Instead of relying exclusively on immunofluorescence, the latter study used a combination of various methods (mRNA injection, Western blot analysis, and enucleolation) that permitted a more accurate analysis of the NPM2 localization [55] . Thus, although both studies used primarily the same antibody, the absence of a signal from NPBs may have reflected antibody inaccessibility, a general feature of NPBs recently documented [56] .
Next, Ogushi and Saitou [57] investigated the formation of heterochromatin in embryos that originate from enucleolated oocytes. They observed heterochromatin architectural defects, but apart from that, they did not find any other epigenetic abnormalities [57] . Although this might have been caused by the set of antibodies chosen, it is likely that the effects of NPB depletion on the composition and properties of chromatin are rather subtle, for example, if relatively few histone modifications change or if only certain genomic regions (e.g., centromeric) are affected. If so, the analysis of interphase nuclei that was performed by Ogushi and Saitou [57] might have been too limited to detect the effects of enucleolation.
Finally, the link between NPBs and regulation of centromeric chromatin was also observed in another study where removal of the NPBs caused an abnormal remodeling of the centric and pericentric chromosomal domains in zygotes [23] . Embryos originating from enucleolated oocytes exhibited distorted and irregular pericentric chromatin and extensive chromosome bridging of these domains. Furthermore, this study also correlated the lack of NPBs in zygotes with the absence of the histone H3.3 chaperone DAXX (death domainassociated protein) in nuclei [23] . H3.3 has a major role in remodeling centric and pericentric chromatin as well as the establishment of heterochromatin after fertilization, but it remains unclear how this process is orchestrated [58, 59] .
Thus, several lines of evidence point to the role for NPBs in regulating or establishing heterochromatin after fertilization. However, the actual mechanism underlying these observations remains unclear. For instance, the precise function of NPM2 in mouse remains elusive, although it has been implicated in decondensation of the paternal genome after fertilization [60] . Furthermore, the mechanism causing the dysregulation of satellite DNA also remains to be determined. Finally, it is also unclear what causes the dysregulation of DAXX in embryos that lack NPBs. In summary, it is evident that without a detailed and more objective analysis of NPB constituents, elucidating the exact role of NPBs in early development will likely be difficult. Next, we discuss the prospects for a detailed and unbiased analysis of the composition of NPBs.
ADDRESSING THE QUESTION OF NPB COMPOSITION
Although it is now agreed that NPBs are mainly composed of proteins [56, 61] , a detailed analysis of these proteins is hampered by the difficulty in obtaining sufficient material. To In conventional somatic cell nuclear transfer (SCNT) schemes, the NPB material disperses in the cytoplasm when oocytes resume meiosis. After transfer of the nucleus and activation, a pronucleus that contains both the NPB material and the somatic nucleolar material is formed. The SCNT embryos are able to develop, and even live animals can be obtained [22, 44, 45] . B) When an embryonic stem cell (ESC) nucleus is transferred to a previously enucleolated oocyte, embryos proceed to the 2-cell stage but are unable to progress further [22] .
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our knowledge, the smallest number of oocytes that gave a reasonable proteome coverage by mass spectrometry is 750 [62] . Assuming that one NPB contains approximately 1.6 ng protein [61] and the total quantity of protein per mouse oocyte is 23 ng [63] , obtaining an equivalent amount of protein would require about 11 000 NPBs. Thus, an analysis of the NPB proteome would inevitably require a new collection protocol because enucleolation on this scale would be impractical. Apart from technical difficulties, there is an ethical issue: How many mice is it acceptable to sacrifice in order to obtain the desired information? Unlike in Xenopus and other model organisms with an external fertilization process that produce large numbers of oocytes, that is, thousands on average [64] , in mice, the number of oocytes or embryos obtained from one female usually ranges from 15 to 30. Thus, collecting 11 000 NPBs would require the sacrifice of at least 500 female mice. Furthermore, biological triplicates are commonly needed to add validity to any analysis performed. For these reasons, the minimum number of mice would now be at least 1500 animals. We leave it up to the reader's decision if this number is acceptable.
To summarize, the availability of only minute amounts of NPB material makes it currently impossible to conduct proteomic screens of sufficient depth to be comprehensive. Until technical improvements are made, we are left with the option of trying to extrapolate relevant information from studies performed on somatic cells. However, the experiments performed with somatic cells showed that nucleoli cannot substitute for NPBs and indicate that these structures are not equivalent either in composition or function.
CONCLUSIONS
Recent results in mouse strongly point to the possibility that, in contrast to their widely accepted role in embryonic nucleologenesis, NPBs might be primarily involved in processes that are independent of ribosome biogenesis. Moreover, results of the SCNT experiments indicate that somatic cell nucleoli, which are competent for ribosome biogenesis, cannot substitute for NPBs. Regarding the timing, we now know that NPBs are needed soon after fertilization, before rRNA production has been re-initiated, but the precise role of NPBs at this stage of development remains to be elucidated. In this regard, several lines of evidence point to the involvement of NPBs in regulating heterochromatin. How this process is orchestrated still remains unclear.
One possibility is that NPBs might provide a repository for a protein (or multiple proteins) that is produced in oocytes and is essential for early embryonic development. This hypothetical factor is, however, clearly not needed for ribosome biogenesis and nucleologenesis because embryos can form fully functional nucleoli independently of NPBs [25] .
Alternatively, a role as a retention site is also possible. Because the results of the enucleolation experiments indicate that NPBs are needed only during the first few hours following fertilization, NPBs could sequester factors that interfere with biological processes occurring before this phase. Sequestering proteins to the nucleolus is not uncommon in somatic cells and represents an important regulatory mechanism (for a review, see [65, 66] ).
Roles other than that of repository are, however, also possible. In somatic cells, various nuclear bodies (e.g., speckles, promyelocytic leukemia bodies [PML bodies], Cajal bodies, etc.) have been described [67] [68] [69] , but these may not have counterparts in oocytes or zygotes. For example, in somatic cells, it is the PML bodies where H3.3 is loaded onto its chaperones DAXX and HIRA, but bona fide PML bodies are not found in zygotes [70, 71] . Therefore, the location of the same reaction is currently unknown in oocytes and zygotes. Theoretically, NPBs might, at least partially, structurally substitute for these specialized nuclear bodies and support this process. Taken together, even though many questions remain, the recent studies discussed here force us to keep an open mind and to rethink the long-standing (but never actually proven) dogma in developmental biology that NPBs and their components serve merely as the building blocks of fully functional nucleoli in embryos.
